Orientation and alignment parameters have been computed from first principles for the photodissociation of the HF and DF diatomic molecules. The calculations are entirely ab initio and the break-up dynamics of the molecule is treated rigorously taking account of the electronically nonadiabatic dynamics on three coupled adiabatic electronic potential energy curves. The potential energy curves and spin-orbit interactions, which have been previously reported ͓J. Chem. Phys. 113, 1870 ͑2000͔͒, are computed using ab initio molecular electronic structure computer codes. These are then used to compute photofragmentation T matrix elements using a time-dependent quantum mechanical wave packet treatment and from these a complete set of anisotropy parameters with rank up to Kϭ3 is computed. The predicted vector correlations and alignment parameters are presented as a function of energy for HF and DF initially in both their ground and first excited vibrational states. The parameters predicted for the molecules which are initially in their excited vibrational states display a pronounced sharp energy dependence arising from the nodal structure of the initial vibrational wavefunction. The theoretical results are analyzed using a simple model of the dynamics and it is demonstrated how the magnitude and relative phases of the photofragmentation T matrix elements can be deduced from the experimentally measured alignment parameters. No experimental measurements have yet been made of alignment parameters for hydrogen halide diatomics and the present results provide the first predictions of these quantities which may be compared with future experimental observations.
I. INTRODUCTION
It is one of the central aims of science to understand, in as much detail as possible, the elementary molecular processes which occur in nature. The absorption of ultraviolet light by a molecule and its subsequent photodissociation is an important example of such a process and is one we seek to understand better in the present work. Data obtained from the examination of the products of a photodissociation process constitute a rich source of potential information about the electronic structure of a molecule and of its excited electronic states. The role of theory is to model the entire photofragmentation process as accurately as possible and through this to learn about both the electronic structure of the molecule and about the detailed dynamics of the breakup process.
Advances in laser technology and in the techniques used to detect and examine the atomic and molecular fragments of photodissociation processes have totally revolutionalized the amount and detailed level of information which can now be derived from a photofragmentation experiment. [1] [2] [3] [4] [5] [6] In parallel with these experimental advances, there have been advances in theoretical methods used to describe and analyze the observations, mainly at a phenomenological level. [7] [8] [9] [10] [11] [12] Light is intrinsically polarized. The use of laser light to photodissociate a molecule is therefore inevitably associated with some directional preference that is reflected in the distribution of the products. The theory of orientation and alignment effects has systematized the analysis of the experimental results and these can now be analyzed to yield a set of irreducible parameters that uniquely characterize correlation of the different vector quantities that can be associated with the photofragments.
Despite all the advances in the theory, prior to the present paper, there has been no ab initio prediction of any molecular orientation and alignment parameters for a molecular photodissociation process. We present the first such calculations in this paper. ͑See, however, Ref. 13 where ab initio potential curves are used coupled with an approximate treatment of the photodissociation dynamics.͒ The potential energy curves for the lowest four electronic states of the HF molecule, the associated transition dipole moment matrix elements, and the spin-orbit coupling curves have been computed previously 14 using ab initio electronic structure theory and have been utilized to make predictions of scalar properties, i.e., total cross-section and branching fractions, for the photofragmentation process. In the present work, these molecular quantities are employed within the context of a timedependent quantum mechanical wave packet treatment to compute photofragmentation T matrix elements. This wave packet treatment takes full account of the electronically nonadiabatic transitions which occur during the breakup of the molecule. The photofragmentation T matrix elements contain all possible information about the photofragmentation process. They enable us, through the use of the wellestablished theoretical framework of vector correlation parameters, 12 to predict the associated irreducible orientation and alignment parameters.
The paper is organized in the following manner: Section II briefly reviews the theory. This section is supported by an appendix, which tabulates the detailed form of all of the orientation and alignment parameters. The appendix also gives the relationships, for the particular case under discussion in this paper, of the two different forms of the orientation and alignment parameters which are most widely used. Section III describes the methods used in the current calculations and Sec. IV presents our results for the HF molecule. A short summary is given in Sec. V.
II. THEORY: GENERAL EXPRESSION FOR PHOTOFRAGMENT STATE MULTIPOLES AND ANISOTROPY PARAMETERS
Let us consider the photodissociation of a molecule AB to produce fragments A and B. The fragments A and B have angular momenta j A and j B , respectively, and these have z components of m A and m B about the space fixed Z axis. The initial and the final total angular momenta of the molecule are J i and J, respectively, and the corresponding space-fixed z components are M i and M .
If the interaction of radiation with the molecule is treated using the dipole approximation, and if first order timedependent perturbation theory is used, the generalized photofragmentation cross section (k E,ñ ,ñ Ј) can be written as [15] [16] [17] ͑k E,ñ Ј,ñ ͒ϭ
where is the frequency of the incident light, e is a polarization vector, d is a dipole operator, R is the vector connecting the centers of mass of the fragments, while r denotes collectively all the internal coordinates of fragments.
is the wave function of the initial molecular state and ⌿ Ϫ(k ñ ) (R,r,E) is the dissociative wave function describing two photofragments flying apart with total energy E in a direction specified by the unit vector k with polar angles , . The index ñ is the set of quantum numbers specifying the electronic states and angular momenta ( j A ,m A , j B ,m B ) of the fragments.
The generalized differential cross section (k E,ñ Ј,ñ ) in Eq. ͑1͒ relates to the case of an isotropic distribution of the angular momenta of the parent molecule. Its diagonal elements are the normal photofragmentation cross sections. The off-diagonal elements are the vector correlation coefficients which have been the subject of many recent important theoretical and experimental investigations. 7, 8, 18 For instance, if ñ ϵ j A ,m A , j B ,m B , the cross section matrix elements (k E,ñ Ј,ñ ) give the probability of fragments flying apart in a direction specified by the polar angles , . The diagonal elements of the matrix (ñ Јϭñ ) give the probability of producing the fragments with a specific value of the fragment angular momenta and of their space fixed z components, while the off-diagonal elements (ñ Ј ñ ) describe the coherence between states with different values of these quantum numbers. 19 The experiments usually involve the detection of only one of the two fragments and therefore do not yield simultaneous information concerning both of the fragments. The cross section corresponding to such an experiment involves averaging over the quantum numbers of the other, nondetected, fragment. This averaging is performed by taking the trace of the generalized cross section over the quantum numbers that are not actually measured, i.e.,
͑2͒
It is convenient to express the elements of the generalized differential cross section ͓Eq. ͑2͔͒ m A Ј ;m A j A (,) in terms of the angular momentum state multipoles KQ ( j A ) (,), which are dimensionless spherical tensors of rank K and projection Q. [19] [20] [21] If the total cross section 0 is chosen as a normalization factor, the corresponding laboratory frame state multipole can be written as has recently been studied in Ref. 18 . In subsequent expressions, the superscript ( j A ) will be dropped for convenience. Ab initio molecular electronic structure calculations are performed in the molecular frame, in which the unique or z axis is fixed in the molecule. In the case of a diatomic molecule this is the molecular axis. The most accurate calculations, of the type considered in the present work, include both the orbital and spin angular momenta of the electrons. The total angular momentum of fragment A is denoted by j A and its component about the molecular axis is denoted by ⍀ A . A similar notation is used for the angular momenta of fragment B. In the presence of spin-orbit interaction the only good quantum number, for a nonrotating molecule, is the component of the total angular momentum about the molecular axis, ⍀ϭ⍀ A ϩ⍀ B . The expansion of the total electronic wave function, ⌿ el , in terms of the ''spin-orbit coupled'' basis, ͉ j A ⍀ A ͉͘ j B ⍀ B ͘ may be written in the form
where Â is an antisymmetrization operator ͑see, e.g., Ref.
22͒ and the index n differentiates between different adiabatic electronic states with the same value of ⍀.
The matrices
in Eq. ͑4͒ are the expansion coefficients of the adiabatic molecular electronic states in terms of the fragment basis (͉ j A ⍀ A ͉͘ j B ⍀ B ͘) in the asymptotic region R→ϱ. In general these matrices are not the Clebsch-Gordan coefficients, they depend on the nature of the long-range interaction between the fragments and can be determined by diagonalizing the Hamiltonian matrix expressed in the fragment basis in the asymptotic region. [23] [24] [25] Using Eqs. ͑1͒, ͑3͒, ͑4͒ and applying the properties of the 3Ϫ j symbols and Wigner matrices in a way analogous to that used in Ref. 18 , the fragment A state multipole, Eq. ͑3͒, in the axial recoil approximation can be written as ͑see Appendix A͒:
where The axial recoil approximation is valid in the limit of a fast dissociation process. In this approximation the bodyfixed projection of the total angular momentum on the molecular axis ͑⍀͒ is treated as a good quantum number and the overall rotation of the molecule is neglected.
The expression for the state multipoles of fragment B can be obtained from Eq. ͑5͒ by exchanging subscripts A and B. In general the multipole rank, K, in Eq. ͑5͒ ranges from Kϭ0 to Kϭ2 j A . 19, 20 The description of the hydrogen atom
2 ) arising from the photolysis therefore requires only state multipoles of rank Kϭ0 ͑population͒ and rank Kϭ1 ͑orientation͒. For the fluorine fragment ( j B ϭ 1 2 , 3 2 ) the complete set of state multipoles contains Kϭ0, Kϭ1 and also Kϭ2 ͑alignment͒ and Kϭ3 ͑octupole moment͒. For each state multipole, the angular dependence in Eq. ͑5͒ is universal and does not depend on the dissociation dynamics of a particular molecule. The angular dependencies of the state multipoles with the ranks Kϭ0,1,2 and with all possible projections, QϭϪK . . . K, have been presented for several different experimental arrangements or geometries in Refs. 11 and 12. The individual state multipoles can, in principle, be observed experimentally using, for instance, ion imaging techniques, 1, 2, 11, 28 or by measurement of Doppler or time-of-flight peak profiles. 3, 5 In the above description we have neglected fragment nuclear spins. This is justified as the duration of the dissociation process is typically much smaller than the Heisenberg uncertainty time, ␦tϭប/(2␦E) associated with the hyperfine splitting in the atoms. Therefore, the nuclear spins do not affect the dynamics of the photodissociation process. However, the hyperfine interaction in the final fragments is important and results in partial depolarization of the fragment electron angular momenta. 20 The quantities f K (q,qЈ) in Eq. ͑5͒ are dynamical functions. The indices q,qЈ are the vector spherical harmonic components 20, 29 of the molecular electric dipole moment with respect to the recoil axis. They can take only the values 0 or Ϯ1, corresponding to parallel or perpendicular electronic transitions, respectively. The dynamical functions in Eq. ͑2͒ are defined as
where ⌿ n,⍀ Ϫ (R,r,E) is the scattering wave function for the channel n,⍀ in the body-fixed coordinate system 14, 15, 38 and the initial and final z components of the total electronic angular momentum about the molecular axis are related by ⍀ ϭ⍀ i ϩq. The matrix elements ͗⌿ n,⍀ Ϫ (R,r,E)͉d q ͉⌿ ⍀ i ͘ are the photofragmentation T matrix elements. 15, 16 These T matrix elements are computed exactly using a time-dependent wave packet formalism 17 in the present work. The summation in Eq. ͑6͒ is over all indices n, ⍀, nЈ,
as the relationship ⍀ϭ⍀ A ϩ⍀ B ensures that this summation is effectively performed. Due to symmetry properties of the 3Ϫ j symbols, the following relation is fulfilled: qϪqЈ ϭ⍀ A Ϫ⍀ A Ј ϭ⍀Ϫ⍀Ј. Therefore, the diagonal elements of the dynamical functions f K (q,qЈ) in Eq. ͑6͒ with qϭqЈ cor-respond to incoherent excitation of parallel, or perpendicular transitions, while the off-diagonal elements withЈ correspond to coherent excitation of different molecular continua. It should be noted that in the definition of the dynamical factors, Eq. ͑6͒, only ⍀ B and j B occur and no ⍀ B Ј or j B Ј . This is because we are taking the average or trace over these quantum numbers.
The dynamical functions obey the following symmetry relations:
͑7͒
The functions, f K (q,qЈ), contain all information about the transition dipole moments, phases, and other fragmentation dynamics of a particular molecule. The quantum mechanical observables which can be determined from experiment are the magnitude of the total cross section, 0 , and the dimensionless anisotropy parameters. The anisotropy parameters are normalized combinations of the dynamical functions of rank K. The zeroth-rank anisotropy parameter is the wellknown ␤ parameter which can be expressed in terms of the dynamical functions as
Two alternative sets of anisotropy parameters have recently been introduced for rank KϾ0. One of these sets, ␣ K , ␥ K , K , s K , and K , 30 is related to the laboratory frame orientation and alignment of the photofragment angular momenta. The spatial modulations in an ion image, Doppler profile, or time of flight mass spectroscopy ͑TOFMS͒ profile, that result from orientation and alignment effects in the photofragmentation process, often constitute a relatively small fraction of the total signal. A powerful experimental procedure for separating the orientation and alignment contribution from the population term 00 (,), and also from the angular distribution of the photofragments associated with the zero rank anisotropy parameter ␤, has recently been developed. 12 The other set of orientation and alignment parameters, a Q (K) (p), where Q ϭϪQ and pϭЌ, ʈ , or ͑Ќ, ʈ ͒ corresponding to pure perpendicular, pure parallel, or mixed perpendicular/parallel excitation, is related to the molecular frame orientation and alignment of the photofragment angular momenta. 9, 10, 31 This set of parameters is more suitable for a theoretical analysis and is therefore used here. The parameters of both the sets which are relevant to this study are defined in terms of the dynamical functions and are related to each other in Appendix B.
III. DETERMINATION OF THE DYNAMICAL FUNCTIONS
The equation for the dynamical functions, Eq. ͑6͒, involves a sum of products of the 3Ϫ j symbols, the expansion coefficients of the adiabatic electronic molecular wave functions at large separations in terms of the wave functions of the separate atoms (T j A ⍀ A j B ⍀ B n⍀ ), and the photofragmentation
In the case of HF, photodissociation takes place via the three lowest ⍀ϭ1 excited electronic states and the quantum numbers K and q,qЈ in Eq. ͑6͒ are restricted to the values Kϭ0,1,2,3 and q,qЈϭϮ1.
A. Photofragmentation T matrix elements
The initial step in the calculation of the photofragmentation T matrix elements using a time-dependent wave packet formalism is the setting up of an initial wave packet. This wave packet may be written as
where n (R,tϭ0) represents an initial wave packet on the nth electronically adiabatic potential energy surface and d q Ј n (R) is the transition dipole moment for excitation from the initial electronic state. 29, 32, 33 Following the setting up of the initial wave packets, they are propagated forward in time by solving the timedependent Schrödinger equation. This requires the simultaneous solution of coupled time-dependent equations. The results are analyzed by taking cuts through the wave packets at each time step at a fixed, large value of the scattering coordinate, RϭR ϱ . If we specialize the treatment now to the case of a diatomic molecule, so that we can replace R by R, then we can write the energy dependent coefficients obtained by taking the Fourier transform over time of the cuts through the time-dependent wave packets as ͑see Ref. 14͒:
͑10͒
The analysis of Ref. 32 shows that these energy dependent coefficients are related to the photofragmentation T matrix elements by the relationship:
where the matrix element on the left hand side of the above equation is the photofragmentation T matrix element associated with the asymptotic channel n, k v is the asymptotic wave vector for this channel and is the reduced mass of the two photofragments.
B. Adiabatic electronic wave functions at large separations
The low lying energy states of the HF molecule correlate adiabatically at large internuclear distance with two spinorbit energy levels corresponding to the H( 2 S 1/2 )ϩF( 2 P 3/2 ) and H( 2 S 1/2 )ϩF( 2 P 1/2 ) pairs of fragments. In the molecular region these states split into 12 substates ͑four of them being degenerate͒: there is one ͉⍀͉ϭ2 level ͑two substates͒, three ͉⍀͉ϭ1 levels ͑six substates͒, two ⍀ϭ0 ϩ substates, and two ⍀ϭ0 Ϫ substates. The major contribution to the long-range interaction for both levels is the van der Waals interaction resulting in a ϪC/R 6 energy dependence, where C is a constant. The corresponding long-range energy states and molecular wave functions determined by using second order perturbation theory 34 are presented in Table I . According to the Hund's case c classification we denote the molecular wave functions in Table I as ͉n,⍀ ͘, where ϭϮ is a reflection character for the ⍀ϭ0 energy substates and nϭ␣, ␤, or ␥ is an index labeling the different substates with the same ͉⍀͉ quantum number in order of increasing energy. As the ground electronic state of HF has ⍀ϭ0 ϩ , and the only nonzero transition dipole moment is to an electronic state with ⍀ϭ1, only the excited energy states ͉␣, 1͘, ͉␤, 1͘, and ͉␥, 1͘ are involved in the photodissociation dynamics.
14 At smaller internuclear distances these states correlate adiabatically with the a 3 ⌸ 1 , A 1 ⌸ 1 , and 1 3 ⌺ 1 ϩ molecular energy states, respectively. Only the second of these states can be optically excited from the molecular ground
matrix elements are the expansion coefficients in the third column in Table I .
The value ⌬ so in the first column of Table I is a spinorbit energy splitting in the fluorine atom and the values ⑀͑0,0͒ and ⑀͑0,2͒ are defined as
where ␣ H () and ␣ F () are irreducible dipole dynamical polarizabilities of the H( 2 S) and F( 2 P) atoms, respectively. The values in the angular brackets in Eq. ͑12͒ are reduced matrix elements where L H ϭ0, L F ϭ1 are the corresponding atomic orbital angular momenta.
IV. RESULTS AND DISCUSSION

A. Anisotropy parameters arising from the photodissociation of HF"vÄ0…
The potential energy curves and spin-orbit coupling matrix elements used for the HF and DF molecules were calculated using the MOLPRO ab initio electronic structure code 35 and have been reported in our previous paper ͑see Ref. 14͒ . A large augmented correlation-consistent valence quintuple zeta ͑av5z͒ basis set of Dunning et al. 36 was used for the ab initio calculations. This consisted of a total of 146 contracted orbitals and included g functions on the hydrogen atom and h functions on the fluorine. These potential energy curves and spin-orbit coupling matrix elements were used, as described above, to compute the photofragmentation T matrix elements. The treatment of the electronically nonadiabatic dynamics, which allows the wave packet flux to pass from one adiabatic electronic state to another, has been fully described in a previous paper. 37 Figure 1 shows snapshots of the wave packets in the three excited electronic states at four different times. The initial wave packet is almost entirely in the A 1 ⌸ 1 state. There is in fact a very small contribution to the initial wave packet in the a 3 ⌸ 1 state, but this contribution is too small to be visible on the graph. At 4.8 femtoseconds ͑fs͒ some of the wave packet amplitude has been transferred, through electronically nonadiabatic transitions to the 1 3 ⌺ 1 state. At 9.7 fs the amplitude of the wave packet in the 1 3 ⌺ 1 state has grown further and is becoming comparable to that in the A 1 ⌸ 1 state. There is now also a small amplitude of the wave packet in the a 3 ⌸ 1 state. At 14.5 fs the amplitude of the wave packet in the a 3 ⌸ 1 state has grown considerably and ͗⌿ n,⍀ Ϫ ͉d q ͉⌿ ⍀ i ͘, are computed from the wave packets in the different adiabatic electronic states using Eq. ͑11͒. The dynamical functions are then computed using Eq. ͑6͒ and these are used to compute the anisotropy parameters using the equations of Appendix B. Figure 2 shows the anisotropy parameters with Q ϭ0, a 0 (K) (Ќ), for the photodissociation of HF(vϭ0). The notation Ќ, introduced by Rakitzis and Zare, 9 indicates that the transition involved is a perpendicular transition. The computed absorption cross section for the photodissociation of HF(vϭ0) 14 has a Gaussian type line shape with a maximum at 83 467 cm Ϫ1 and a half-width of 12 457 cm Ϫ1 . This results in a cross section which has significant values when depicted graphically over the energy range 70 000 to 100 000 cm Ϫ1 . From the figure we see that all the Q ϭ0 anisotropy parameters have significant values but remain relatively constant over the energy range 77 500 to 90 000 cm Ϫ1 which includes the main peak of the absorption cross section. At lower photon energies the parameters decrease significantly. Our analysis below will show that the values of these parameters are directly related to the probabilities of electronically nonadiabatic transitions between the three adiabatic electronic states involved. In the absence of any electronically nonadiabatic transitions for instance the anisotropy parameter a 0 (1) (Ќ) is predicted to have a value of 0.7746. At the peak of the absorption spectrum a 0 (1) (Ќ) has a value of 0.5973. The difference between these two values is a direct quantitative measure of the presence of electronically nonadiabatic transitions which are also clearly demonstrated in Fig. 1 . Figure 3 shows the anisotropy parameters with Q ϭ2, 
, for the photodissociation of HF(vϭ0). These parameters are again relatively constant over the energy range where the absorption cross section has its peak. At lower energies, they show a small dip and then rise significantly as the energy decreases further. Our analysis in Sec. IV B will show that these parameters carry information concerning both the probability of electronically nonadiabatic transitions and the relative phases ͑⌬͒ of the photofragmentation T matrix elements associated with the A 1 ⌸ 1 and the a 3 ⌸ 1 states. The anisotropy parameter a 2 (3) (Ќ) will be shown to be proportional to sin ⌬ and is close to zero as ⌬ is close to zero. The anisotropy parameter a 2 (2) (Ќ) will be shown on the other hand to be proportional to cos ⌬ and this parameter is distinctly nonzero as a result of the substantial probability of electronically nonadiabatic transitions.
B. Interpretation of anisotropy parameters
The consequences of the dynamics of the photodissociation process are entirely contained in the photofragmentation T matrix elements. 14 
The probability p 2 is the branching fraction for producing the excited F( 2 P 1/2 ) state. It is calculated from the partial cross section for producing the F( 2 P 1/2 ) state divided by the total absorption cross section. The probability p 1 is the probability of nonadiabatic transitions from the A 1 ⌸ 1 to the a 3 ⌸ 1 state. Using the definition above for the photofragmentation T matrix elements, Eq. ͑13͒, Eq. ͑6͒ for the dynamical functions and the values given in Table I for the matrix elements
, we obtain the following expressions for the diagonal elements of the dynamical functions, f K (1,1) , for the detection of ground state 2 P 3/2 fluorine photofragments:
Inserting these expressions into the equations given in Appendix B results in the following expressions for the Q ϭ0 anisotropy parameters, a 0 (K) (Ќ):
where
Similarly, if we define the phase difference between the photofragmentation T matrix elements for the a 3 ⌸ 1 and the A 1 ⌸ 1 states as ⌬ϭ ␣ Ϫ ␤ , we can derive the following expressions for the nondiagonal dynamical functions: From these we can derive expressions for the Q ϭ2 anisotropy parameters, a 2 (K) (Ќ),
͑27͒
The anisotropy parameters in Eqs. ͑19͒-͑21͒ and in Eqs. ͑26͒ and ͑27͒ depend only on three key dynamical parameters; p 2 ͑or alternatively p͒, p 1 , and ⌬. These key dynamical parameters can all, in principle, be derived from experimentally measurable quantities; the branching fraction and the anisotropy parameters. We have presented ab initio calculated values of the anisotropy parameters in Figs. 2 and 3 and the computed branching fraction has been presented in Ref. 14. We have used the computed branching fraction to calculate p 2 as a function of energy. Once we have p 2 we can compute p 1 from a 0 (1) (Ќ), see Eqs. ͑19͒ and ͑22͒. In a similar way we could compute the probability p 1 using either a 0 (2) (Ќ) ͓see Eq. ͑20͔͒, together with Eq. ͑22͒ or a 0 (3) (Ќ) ͓see Eq. ͑21͔͒, again in conjunction with Eq. ͑22͒. Thus once we have extracted p 2 , either from experimental measurements or from the computed results, the values of p 1 can be derived from any one of the three Q ϭ0 anisotropy parameters ͑see Fig. 2͒ . There are, therefore, three different ways in which we can deduce the values of p 1 from experimental results, or as we will do here, compute them from the ab initio calculated values. Figures 4 and 5 show the values of p 1 and p 2 , respectively, calculated in this way. The values of p 1 , shown in Fig. 4 , have been computed in all three ways discussed above. All three calculations give identical results. This confirms that our dynamical model is at least internally consistent. The ''statistical'' limit for this transition probability is 0.5. The figure therefore shows that the dynamics do not result in a statistical distribution. The probability for this transition varies considerably with energy and is consistent with the magnitudes of the A 1 ⌸ 1 and a 3 ⌸ 1 wave packets shown in Fig. 1 .
The Q ϭ2 anisotropy parameters, see Fig. 3 , can be used to calculate the phase difference, ⌬ ͓see Eqs. ͑26͒ and ͑27͔͒. Again the two equations provide two independent ways of deducing the values of ⌬. Figure 6 shows the phase difference calculated from the anisotropy parameters. Just as in the case of p 1 , the values of ⌬ calculated from a 2 (2) (Ќ) and from a 2 (3) (Ќ) are identical, again confirming the validity of the paramatrization used in Eqs. ͑13͒-͑27͒. The phase difference is very small, negative, and nearly constant over the entire significant energy range, i.e., over the range 70 000 to 100 000 cm Ϫ1 . At lower energies, at which the absorption cross section is negligibly small, the phase difference increases sharply with decreasing photon energy. The small value of the phase difference over the photon energy range 70 000 to 100 000 cm Ϫ1 is consistent with Fig. 1 . This shows that the amplitude in the a 3 ⌸ 1 state builds up during the very final part of the breakup processes. Thus the amplitude of the wave packet remains in the A 1 ⌸ 1 state until near the end of the breakup when a portion of it is transferred through electronically nonadiabatic transitions to the a 3 ⌸ 1 state. This accounts for the fact that the phase of the wave packet in the two states is nearly identical in the asymptotic region. parameters for the photodissociation of DF are surprisingly similar to those of HF. If we remember that the photon energy range over which the HF absorption cross section has a significant magnitude is 70 000 to 100 000 cm Ϫ1 , then we see that over this energy range the a 0 (K) (Ќ) anisotropy parameters are almost identical ͑see Fig. 9͒ . The a 2 (K) (Ќ) anisotropy parameters for DF, Fig. 10 , differ more from their HF counterparts than do the a 0 (K) (Ќ) parameters. From Eqs. ͑26͒ and ͑27͒ we see that these parameters are dependent on the phase difference between the photofragmentation T matrix elements for the A 1 ⌸ 1 to a 3 ⌸ 1 adiabatic electronic states. This phase difference is affected by the isotope change from HF to DF more than are the nonadiabatic transition probabilities p 1 and p 2 .
C. Anisotropy parameters arising from the photodissociation of HF"vÄ1…
V. CONCLUSIONS
The paper presents the first ab initio calculation of photofragmentation anisotropy parameters. The analysis of these parameters given in the paper shows how it would be possible, for the simple case considered here, to extract electronically nonadiabatic transition probabilities and the phase difference between photofragmentation T matrix elements from experimental measurements. We have used our calculated results ͑Figs. 2 and 3͒, in the place of experimentally measured data, to illustrate how these fundamental molecular dynamical quantities may be extracted from observable data. Our results show clearly that electronically nonadiabatic transition probabilities play an important role in the breakup dynamics, see Figs. 4 and 5. In this particular case our results also show that the phase difference between photofragmentation T matrix elements for breakup in the two different adiabatic states which lead to ground state photofragments, H( 2 S 1/2 ) and F( 2 P 3/2 ), is very small over most of the photon energy range in which the absorption cross section has a significant nonzero value. Our analysis of the wave packets corresponding to the different adiabatic electronic states ͑see Fig. 1͒ shows that the probable reason for this is that the wave packet flux remains on the A 1 ⌸ 1 state during nearly the entire breakup process and is transferred to the a 3 ⌸ 1 state only in the very final stage of the dissociation. The analysis also shows that a substantial fraction of the flux is transferred from the A 1 ⌸ 1 to the 1 3 ⌺ 1 ϩ state at a much earlier stage.
The anisotropy parameters for the photodissociation of vibrationally excited HF in its vϭ1 vibrational state show a sharp change in their value over a very narrow photon energy range ͑see Figs. 7 and 8͒. This change occurs at the same photon energy as a similar change in the branching fractions ͑see Ref. 14͒ and is due to a near zero in the partial absorption cross sections which in turn arises from the nodal structure of the initial vibrational wave function.
The anisotropy parameters for the photodissociation of DF are found to be very similar to those arising from the photodissociation of HF. The largest differences are found for the parameters describing the coherent production of the ⍀ϭ1 and ⍀ϭϪ1 substates of the F( 2 P 3/2 ) fragment in a body-fixed reference frame ͓i.e., a 2 (2) (Ќ) and a 2 (3) (Ќ)͔. These parameters depend on the phase difference between photofragmentation T matrix elements and we conclude that this phase difference is the dynamical quantity most strongly affected by the change of isotope from H to D.
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APPENDIX A: STATE MULTIPOLES AND DYNAMICAL FACTORS
Equations ͑5͒ and ͑6͒ can be derived from the general expressions for the photodissociation cross sections m A Ј ;m A j A (,), Eqs. ͑1͒ and ͑2͒, by a sequence of transformations and manipulations. The derivation of the cross sections has been discussed in detail in Ref. 18 , and a closely related discussion has been given in Ref. 15 . We will not repeat this long and involved derivation here, but will refer the reader to these papers and will discuss only some new points raised by the present work. The cross section in Eq. ͑2͒ is expressed in terms of the asymptotic fragment energy eigenfunctions ͉ j A m A ͘ and ͉ j B m B ͘, while the ''n'' subscripts and superscripts in Eq. ͑6͒
͓i.e., in ⌿ n,⍀ Ϫ (R,r,E) and T j A ⍀ A j B ⍀ B n⍀ ͔ refer to a set of adiabatic internal electron molecular states ⌿ n,⍀ el (r,R) ͓see Eq. ͑4͔͒ which are the orthonormal eigenstates of the full Hamiltonian, H int (r)ϩV(r,R), for fixed values of R. The index n is a dissociation channel number and the Hamiltonian H int (r) refers to the sum of the noninteracting Hamiltonians of the fragments.
Three transformations are needed to relate the two different sets of fragment states to each other. is a Clebsch-Gordan coefficient. The scattering equations for the dissociation of the molecule are most conveniently solved in a body-fixed coordinate system, in which the z axis is the interfragment separation vector, R. We must now transform the functions ͉ jm͘ from the space-fixed to the body-fixed reference frame. This transformation is 15, 18 ͉ j⍀͘ϭ ͚ m D ⍀m j *͑,,0͉͒ jm͘.
͑A2͒
The functions, ͉ j⍀͘ are diabatic functions in the sense that they are built up from the energy eigenfunctions of the separated fragments and do not change with interfragment distance, R. To relate these to the adiabatic internal electron molecular states ⌿ n,⍀ el (r,R) we require a further transformation. In the asymptotic region the function ⌿ n,⍀ el (r,R) can be written in the form
͑A3͒
We can now use the relationship in the body-fixed coordinate system 
